Abstract Background: Traditionally, blood transfusions in the perioperative setting are used to maintain adequate delivery of nutrients and oxygen to organs. However, the effect of blood administration on tissue oxygenation in the perioperative setting remains poorly understood. Questions/Purposes: The aim of this study was to determine changes in muscle tissue oxygenation saturation (SmO 2 ) in response to perioperative blood transfusions. Patients and Methods: Patients undergoing total knee arthroplasty were enrolled. SmO 2 , continuous hemoglobin (SpHb), stroke volume (SV), cardiac index, and standard hemodynamic parameters including heart rate (HR), mean arterial blood pressure (MAP), and arterial oxygen saturation (SO 2 ) were recorded. To assess fluid responsiveness, a passive leg raise (PLR) test was performed before the transfusions were started. Results: Twenty-eight patients were included in the analysis. Mean (±SD) SmO 2 before transfusion was 63.18±10.04%, SpHb was 9.27± 1.16 g/dl, and cardiac index was 2.62±0.75 L/min/m 2 . A significant increase during the course of blood transfusion was found for SmO 2 (+3.44 ± 5.81% [95% confidence interval (CI) 1.04 to 5.84], p=0.007), SpHb (0.74±0.92 g/dl [95% CI 0.35 to 1.12], p<0.001), and cardiac index (0.38± 0.51 L/min/m2 [95% CI 0.15 to 0.60], p=0.002), respectively. However, the correlation between SmO 2 and SpHb over the course of the transfusion was negligible (ρ=0.25 [95% CI −0.03 to 0.48]). A similar lack of correlation was found when analyzing data of those patients who showed a positive leg raise test before the start of the transfusion (ρ=0.37 [95% CI −0.11 to 0.84]). Conclusion: We detected a statistically significant increase in SmO 2 during the course of a single unit blood transfusion compared to baseline. However, there was no evidence of a correlation between longitudinal SmO 2 and SpHb measurements.
Introduction
Total knee arthroplasty (TKA) often leads to blood loss resulting in the need for blood transfusions which are intended to maintain end organ perfusion. Each year, approximately 13 million units of red blood cells are transfused throughout the USA [21] . Many effects on organ systems and specifically those on muscle tissue oxygenation remain largely unstudied [14, 15, 20] . Tissue oxygenation and delivery of O 2 has been reported to be optimal at hemoglobin and hematocrit values of 10 g dl −1 and 30%, respectively [1, 19] . More recent studies, suggesting that various other hemodynamic and/or clinical parameters should be taken into account when transfusing patients, failed to show a positive impact [12] . According to the ASA guidelines on perioperative blood transfusion, the literature to date is insufficient to evaluate the efficacy of specific intraoperative or postoperative monitoring techniques to detect the presence of inadequate perfusion of vital organs or as indicators for the transfusion of red blood cells [3] .
The concept of near-infrared spectroscopy (NIRS) has long been used to measure arterial oxygen saturation (SaO 2 ) [22] . Technological advances have allowed for the noninvasive determination of muscle tissue oxygenation (SmO 2 ), muscle oxygen tension (PmO 2 ), and muscle pH [17] . As PmO 2 and SmO 2 have proven to be very early indicators of central hypovolemia [18] , they could serve as ideal measurements to assess critical changes in volume status and replace more subjective and likely unreliable measures of organ perfusion used in clinical practice such as urine output, blood pressure, and mental status changes. Studies suggest that NIRS-obtained values may predict the need for blood transfusion after severe trauma [4] . It is unclear if muscle hypoperfusion due to surgical anemia detected through SmO 2 readings may be used as a realtime indicator for blood transfusion.
We hypothesized that blood transfusions in the perioperative setting would increase SmO 2 in the postoperative period irrespective of starting hematocrit. In conducting this pilot study using NIRS in patients undergoing TKA, we sought to investigate (1) if real-time change of SmO 2 and various other hemodynamic parameters before, during, and after administration of red blood cells in the postoperative period would occur and (2) if we could find a correlation between the SmO 2 , hemoglobin levels, and other hemodynamic parameters.
Patients and Methods
After obtaining approval from the Institutional Review Board (Hospital for Special Surgery, New York, NY), potential participants in this prospective, observational, pilot study were identified and consented by a research assistant on the day of surgery at the Hospital for Special Surgery (HSS) from March 2012 to February 2013. All adult patients, age 18-99, undergoing primary total knee arthroplasty with a starting hematocrit of 38% or less on preoperative testing, were eligible for inclusion. As the obtainment of consent was only approved before surgery, this cutoff was used to minimize enrollment failures, as historically patients in this group were more likely to require blood transfusions postoperatively. Exclusion criteria were patients with a hematocrit of >38% on preoperative testing, patients taking vasopressors and/or inotropic agents postoperatively, minors, mentally disabled patients, pregnant women, and employees. Patients enrolled in the study were only followed up in the post-anesthesia care unit (PACU).
Data on demographics (age, gender, ethnicity, comorbidities) and perioperative fluid administration were collected. Transfusions were ordered as per the treating clinician's judgment, without a mandate for the use of specific transfusion triggers in order to obtain data in an actual patient care setting. These clinicians were not actively involved in the study and were blinded to the measurements. As soon as the clinical care team deemed that a blood transfusion was necessary, patients were connected to the monitors as follows: SmO 2 was measured by continuous sampling of nearinfrared spectroscopy spectra at the deltoid muscle using the CareGuide™ NIRS device (Reflectance Medical, Westborough, MA). Continuous hemoglobin (SpHb) was measured using non-invasive Rainbow® ReSposable™ Pulse CO-Oximeter™ Sensor System (Masimo®; Irvine, CA). Stroke volume (SV) and cardiac index were measured continuously using a non-invasive bioreactance monitor (NICOM™; Cheetah Medical, Vancouver, WA). In addition, standard hemodynamic parameters including heart rate (HR), invasive mean arterial blood pressure (MAP), and arterial oxygen saturation (SO 2 ) were obtained from the standard monitoring equipment according to institutional practice. All hemodynamic parameters were recorded continuously throughout the blood transfusion and up to 10 min thereafter. In addition, relevant intraoperative data (fluid balance, tourniquet times, length of surgery, type of anesthesia, and postoperative events (complications)) were collected.
A passive leg raise test was performed before blood transfusion to determine fluid responsiveness [13] . This test has been used widely in clinical practice to determine a patient's potential response to the administration of volume. The leg raise test was considered positive when a change in cardiac index of >10% was found. Blood transfusions were administered in a standardized fashion. We recorded the type and volume of blood transfused.
Study data were collected and managed using REDCap (Research Electronic Data Capture) (Vanderbilt University, Nashville, TN) electronic data capture tools hosted at the Hospital for Special Surgery [10] . REDCap is a secure, webbased application designed to support data capture for research studies, providing (1) an intuitive interface for validated data entry, (2) audit trails for tracking data manipulation and export procedures, (3) automated export procedures for seamless data downloads to common statistical packages, and (4) procedures for importing data from external sources.
All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. Informed consent was obtained from all patients for being included in the study.
This study was exploratory, so a formal power analysis was not performed. The primary outcome of interest was a change in SmO 2 measured continuously during the transfusion of blood in the recovery room. Baseline values and absolute and percentage change in SmO 2 , SpHb, MAP, HR, and cardiac index from baseline to middle, end, 5, and 10 min post-infusion are presented as means and standard deviations. Mean absolute changes in SmO 2 , SpHb, MAP, HR, and cardiac index are presented along with 95% confidence intervals and evaluated using paired t tests. Data from the beginning, middle, end, 5, and 10 min post-infusion were analyzed via the generalized estimating equations method (GEE) [11, 23] using an autoregressive [AR(1)] correlation structure and adjusting for age, sex, and BMI. The correlation between SmO 2 and SpHb, MAP, HR, and cardiac index over time was assessed via bivariate linear mixed modeling [9] . Correlation coefficients are presented as point estimates along with 95% bootstrap confidence intervals. Exploratory subgroup correlation analyses were carried out based on PLR test result. Statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC). All statistical tests were two-sided with a p value<0.05 considered statistically significant.
Results
A total of 57 patients were consented for this study. Twentyseven of those patients were ineligible because the PACU clinician determined that no blood transfusions would be administered during their PACU stay. Of the 30 remaining patients, 2 had to be excluded from analysis because of equipment failure. Patient-related demographics as well as procedure-related data are shown in Table 1 .
There was a statistically significant increase over the time frame of the transfusion in SmO 2 ( Table 2 ). However, SmO 2 reached pre-transfusion levels again 10 min after transfusion was completed (Fig. 1 Fig. 2 ). After adjustment for longitudinal measurements, age, sex, and BMI, there was evidence of an increase in all measures besides MAP between the beginning and end of transfusion (Table 3) .
There was no evidence of a correlation between 
Discussion
When measuring the effect of blood transfusions on SmO 2 , as determined by NIRS, in patients after TKA, we were able to find a statistically significant increase in SmO 2 during the course of a single unit blood transfusion compared to baseline. A similar increase was found for continuously measured SpHb and CI, respectively. Interestingly, the increase in SmO 2 was only transient and a decline to baseline levels was found 10 min after the end of transfusion, while SpHb and cardiac index remained elevated. However, no This study has several limitations. Firstly, this trial was designed as a pilot study with a small number of participants and a limited data collection period. The patient population chosen may be of limited clinical relevance due to the relative lack of major comorbidity burden and absence of those with extreme blood loss. However, our findings provide a good hypothesis base for future studies including sample size calculations and point towards the need for longer observation periods of SmO 2 and other parameters. The transfusion threshold for patients in our study was not standardized and might be considered as high. The average hemoglobin before transfusion was greater than 9 g/dl. Recent studies have suggested a more restrictive transfusion strategy due to safety concerns [6] . However, one has to consider the fact that in this patient population, blood loss is ongoing and thus clinical decisions to transfuse may partially be based on the patient's trajectory. Considering the lack of correlation between SmO 2 and hemoglobin concentration, this practice may be questioned. However, it remains debated if the prevention of low, although transient, hemoglobin levels during ongoing blood loss could be beneficial.
Within our SpHb measurements, we encountered a wide standard deviation of our readings. However, the continuous collection of SpHb is one of the advantages of this trial as it provides real-time information on changes in SpHb related to blood transfusion. In addition, it is not clear if a statistically significant increase of median 3.16% in SmO 2 during transfusion has any clinical impact. Of note however is the fact that SpHb increased significantly over the same time interval in the expected and clinically as significant accepted range.
Despite accumulating evidence in favor of more restrictive transfusion protocols, safe transfusion triggers on an individual level remain elusive, particularly in the setting of complex patient comorbidities and ongoing blood loss. Recent data has shown a lack of benefit associated with liberal transfusion regimens both in critically ill patients, as well as those undergoing elective orthopedic surgery, even in higher-risk patient populations [5, 6] . Reliable monitors able to measure microvascular blood flow may be useful adjuncts to guide transfusion therapy in a more accurate manner [16] . However, this technology is not readily available in clinical medicine to date, and no conclusive evidence exists about the effect of blood transfusions on SmO 2 in the perioperative setting. We observed a significant increase in SmO 2 in response to a transfusion of blood, which was short-lived as SmO 2 returned to baseline values within 10 min of termination of the transfusion. Sadaka et al. reported that SmO 2 was not affected globally by transfused blood in critically ill patients. Nevertheless, blood transfusions resulted in a significant increase in hemoglobin [15] . Similar results in critically ill patients were reported by Creteur et al. in 2009 [7] . Donati et al. observed an increase in SmO 2 with non-leukodepleted blood compared to leukodepleted blood. Conversely, they did observe increases in microvascular flow index and blood flow velocity with leukodepleted blood [8] . In all three of these studies, SmO 2 was measured 1 h before and 1 h after the transfusion. Since the increase in SmO 2 in our study was transient and lasted only for 10 min, it is possible that some of these studies missed this effect.
Our population was also different as the three other studies examined patients with sepsis. The microvascular circulation of postoperative patients may respond differently to transfusions than septic patients. SmO 2 has been shown to correlate with central hypovolemia in volunteers [18] . It is perplexing why we did not find a correlation between SmO 2 and blood transfusions in both patients with and without signs of fluid responsiveness. One explanation may be that central hypovolemia (generation of negative pressure in the lower extremities via a neoprene skirt to decrease central blood volume) is an artificial physiological construct and does not pertain to postoperative patients who demonstrate they may be fluid responsive with the straight leg test. Alternatively, perfusion to capillary beds may still be adequate even in patients with a positive straight leg test.
It remains speculative why the increase of SmO 2 is a short-term effect only. One possible explanation might be a transient increase in the delivery of oxygen to the tissues. Once the transfused blood has become adequately mixed with the rest of the blood, any overall increase may be negligible. Alternatively, because of altered deformability, a decrease in mean corpuscular hemoglobin concentration and/or lower ATP concentrations in stored red blood cells SmO 2 muscle tissue oxygenation, SpHb hemoglobin, MAP mean arterial pressure, CI cardiac index, HR heart rate, SV stroke volume may prevent oxygen from being released to the tissues at the capillary level [2] . In this scenario, oxygen-rich blood may travel from the arteriolar to the venous side, where increased oxygen hemoglobin saturation is detected by the NIRS sensor for a limited period of time. To elucidate this question further, analysis of the saturation pattern after transfusion accounting for the age of transfused blood would have been required. While SmO 2 has been shown to be a sensitive parameter to detect occult hypoperfusion in a human model of non-resuscitated hemorrhagic shock [18] , we could not establish a significant correlation between SmO 2 and hemodynamic parameters including MAP, HR, cardiac index, and SmO 2 over time. This most likely is due to the fact that (1) patients undergoing TKA rarely have sudden and large volume loss and (2) patients in the perioperative period undergo continuous volume resuscitation and are less likely to develop a state of acute hypovolemia. Furthermore, no association with SmO 2 and continuously measured hemoglobin (SpHb) was found in this pilot study.
In conclusion, in this pilot study, we found a statistically significant increase in SmO 2 during the course of a blood transfusion in orthopedic surgical patients. However, this increase was short-lived and not associated with a significant correlation between SmO 2 and SpHb or any hemodynamic parameter analyzed. Further research, including larger scaled trials, is needed to determine whether the short-term increase in SmO 2 following transfusion is of clinical relevance.
